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-Platelets have an emerging and incompletely understood role in a myriad of host immune responses, extending their role well beyond regulating thrombosis. Acute respiratory distress syndrome is a complex disease process characterized by a range of pathophysiologic processes including oxidative stress, lung deformation, inflammation, and intravascular coagulation. The objective of this review is to summarize existing knowledge on platelets and their putative role in the development and resolution of lung injury.
ARDS; platelet; lung injury; ALI; aspirin ACUTE RESPIRATORY DISTRESS SYNDROME (ARDS) is a life-threatening pulmonary syndrome characterized by the acute development of diffuse lung injury in the setting of a known insult such trauma, sepsis, pneumonia, transfusion, or aspiration. The clinical hallmarks of ARDS are hypoxemic respiratory failure requiring positive pressure ventilation and acute diffuse bilateral lung infiltrates on chest radiography. The diagnostic criteria for ARDS have evolved since the syndrome was first recognized in 1967 (6) and were most recently updated in the 2012 Berlin Definition of ARDS (Table 1) (37) .
The public health impact of ARDS is considerable, and it is estimated that 200,000 cases of ARDS occur annually in the United States (87) . Estimates of mortality associated with ARDS range from 26 to 51% (9, 16, 35, 36, 87, 97) . With the exception of preventing further iatrogenic lung injury through lung-protective mechanical ventilation (1, 38) , neuromuscular blockade (81) , prone positioning (40) , and conservative fluid management (76) , no effective ARDS therapeutic strategies presently exist. Recent studies have indicated that both the incidence of ARDS, particularly hospital-acquired ARDS, and ARDS-associated mortality are decreasing over the last decade (33, 58) . Nonetheless, the impact of ARDS on patient morbidity and mortality remains substantial, and there is a pressing need to develop ARDS prevention strategies with a view to ultimately improving patient-important outcomes.
The clinical syndrome of ARDS is characterized by injury to the alveolar-capillary barrier resulting in alveolar flooding and hypoxemia (99) . Although preliminary work supports roles for oxidative stress (23, 48) , endothelial activation and injury (70, 80, 98) , lung epithelial injury (17, 31) , inflammation (82) , intravascular coagulation (100), and platelet activation (43, 107) , the precise mechanisms underlying ARDS remain incompletely understood, particularly in the clinical setting. Emerging evidence has suggested a plausible role for platelets in both the pathogenesis and resolution of lung injury. The purpose of this review is to summarize current understanding of the role of platelets in lung injury development and resolution, as well as to examine plausible platelet-associated ARDS preventative strategies (Fig. 1) .
Platelet Function, Structure, and Biology
Platelets are anucleate multipurpose circulating cells derived from megakaryocyte precursors. Although the majority of megakaryopoiesis occurs in the bone marrow, there is considerable evidence for megakaryopoiesis occurring in other organs, including the lungs (29, 102) . Traditionally viewed as mediators of hemostasis and coagulation, emerging data suggest an additional and significant role for platelets in immune modulation including both inflammatory and anti-inflammatory host responses, as well as antimicrobial host defense (46, 51, 105) .
Platelets in homeostasis. The most clearly established role for platelets is in homeostasis (49) . Circulating platelets are quiescent until there is a break in the vascular endothelium that exposes the underlying extracellular matrix. Exposure to collagen, tissue factor, thrombin, or other extracellular matrix constituents triggers platelet activation leading to a sequence of events designed to promote hemostasis (49) . Firstly, platelets release mediators such as thromboxane A 2 (TxA 2 ) and adenosine diphosphate (ADP) that go on to promote both chemotaxis to the site of injury and activation of additional platelets. Secondly, activated platelets induce integrins such as the glycoprotein IIb/IIIa (GP IIb/IIIa) receptor to bind to fibrin and fibrinogen. Since fibrinogen binds multiple GP IIb/IIIa receptors, and each platelet has thousands of GP IIb/IIIa receptors, this process results in rapid platelet aggregation and clot stabilization. Thirdly, platelet aggregation is further enhanced by conformational changes in platelet shape. The crosslinked fibrin clot further stabilizes this platelet-fibrin aggregate, promoting mechanical clot stabilization at the site of injury (26, 49) .
Platelets and immune response. In addition to their primary role of facilitating homeostasis, platelets are increasingly recognized as playing an important supportive role in the host immune response. Platelet activation causes the release of a number of immunomodulatory mediators that are both pro-and anti-inflammatory in nature. These can be broadly divided into cell membrane proteins and mediators released from the activated platelet into surrounding tissues or the blood stream.
Several platelet-expressed cell surface proteins are implicated in the immunomodulatory process. The selectin family is one such family of proteins, with several putative roles proposed. P-selectin is a cell surface protein that, when activated, creates a phospholipid framework that facilitates the recruitment of neutrophils to the site of injury (51, 104) . In animal studies, P-selectin knockout mice have substantially reduced neutrophil recruitment with attenuated neutrophil-mediated in- flammation (94) . Platelet-derived P-selectin is also a key facilitator in the phenomenon of "neutrophil rolling." This is a process whereby P-selectin-mediated adhesion of neutrophils to endothelium-bound platelets slows neutrophil flow in capillaries and ultimately facilitates migration across the endothelium (41) . This process is also known as "secondary capture" where platelets first interact with neutrophils before promoting neutrophil-endothelium interactions (57) . In addition to neutrophils, the phospholipid framework created by P-selectin has been shown to facilitate the recruitment of monocytes and lymphocytes. This property has been implicated in the development of atherosclerotic plaques in atherosclerosis, as well as in acute myocardial infarction (77) .
Another series of platelet cell surface proteins strongly implicated in the immune response are the surface proteins CD40 and CD154 (previously known as CD40L) (45) . These receptors are crucial in the interaction between lymphocytes and antigen-presenting cells. The most common pathway for this to occur is for CD40 on antigen-presenting cells such as dendritic cells or macrophages to interact with lymphocytes expressing CD154. However, platelet-expressed CD154 also interacts with CD40 on endothelial cells. This causes numerous downstream effects, upregulating a number of proinflammatory mediators such as intracellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule (VCAM-1), and the chemokine chemokine (C-C motif) ligand (CCL2) (5, 42) . These mediators in turn recruit neutrophils to sites of tissue injury. CD154 in its soluble form is released by platelets and facilitates the release of interleukin-6 and tissue factor, as well as the upregulation of E-selectin and P-selectin on both endothelial cells and other platelets (50) . Platelet-expressed CD154 also promotes B-cell differentiation and class switching (32) . Infusion of wild-type platelets into CD154-deficient mice promotes virus-specific IgG levels and protects from viral infection (95) . Understanding of these processes remains the focus of active research.
Platelets also express several Toll-like receptors (TLRs) at low levels in their resting state. These TLRs recognize structurally conserved molecular patterns on pathogens (28) . Following platelet activation, TLRs are upregulated and present on the cell surface in increasing concentrations (7) . TLR activation within platelets is linked to the release of numerous proinflammatory mediators such as chemokines, interleukin-1, and tumor necrosis factor-␣ (TNF-␣) (7, 10) . Since platelets are often present early at sites of tissue injury, platelets may have an important role in the innate immune response and additionally can augment the systemic inflammatory response after contact with pathogens.
In addition to cell surface proteins, platelets secrete several mediators that have nonhomeostatic functions. These are typically stored in intracellular pockets known as "granules." These granules are nonspecific and contain a large and varied array of mediators. For example, on activation, ␣-granules contain and release chemokines [such as CXC chemokine ligand 4 (CXCL4), chemokine (C-C motif) ligand-5 (CCL5), and chemokine (C-C motif) ligand-3 (CCL3)], promitogenic factors, adhesive proteins, and coagulation factors [such as von-Willebrand factor (vWF) and fibrinogen]. While many of these mediators play an active role in the clotting cascade, many also have varying effects on the immune response (84) .
Notably, the role of the multiple chemokines released during platelet activation is relatively well established. In areas of tissue injury, they create a local concentration gradient that facilitates leukocyte migration and recruitment. Several chemokines have been described, such as the kinocidin family of microbicidal chemokines such as CXCL4 and CCL5. Platelets additionally recognize a wide range of chemokines, including those secreted by other platelets. This positive feedback loop consequently amplifies both the homeostatic and immune response at the site of tissue injury (27) .
The ␣-granules within platelets additionally contain defensins, antibacterial proteins that are the thrombocidin family and are also released at the site of tissue injury. These cationic proteins have an intrinsic bactericidal effect against a range of pathogens, such as Escherichia coli, Staphylococcus Aureus, and Bacillus subtilis and therefore form an important part of the host innate immune response (55) . In keeping with a direct role for platelets in the immune response, several studies have shown platelets are independently capable of killing pathogens in specific settings. For example, purified platelets can kill Plasmodium falciparum species in culture, and both platelet-deficient and aspirin-treated mice were more susceptible to death during erythrocytic infection with Plasmodium chabaudi (68) .
While the majority of platelet-mediated immune effects are proinflammatory, platelets additionally contain large quantities of transforming growth factor-␤ (TGF-␤), a largely immunosuppressive mediator. Patients with immune thrombocytopenic purpura (ITP) have low circulating TGF-␤ and reduced concentrations of regulatory T-cells (3, 4) . Treatment of ITP increases levels of TGF-␤ and CD4-positive T-regulatory cells (60, 61) . The expression of both proinflammatory and antiinflammatory mediators suggests a potentially more complex role for platelets in immune modulation, where they are capable of both upregulating and downregulating aspects of the innate and adaptive immune response. Mediators other than those discussed here have been also identified in platelets, but their precise roles also remain areas of ongoing research (88) .
Platelets and Lung Injury
Both dysregulated coagulation and an excessive inflammatory response are key pathways implicated in the pathogenesis of ARDS (103) . The hypothesis linking platelets to lung injury in ARDS is largely predicated on the key roles for platelets in these two pathways. Indeed, there is substantial evidence linking platelets to the development of lung injury.
In a mouse model investigating platelet-neutrophil interactions in acid-induced lung injury, there was an increase in platelet-derived thromboxane-A2 and P-selectin, and these in turn led to increased neutrophil activation (108) . Activated platelets additionally induced expression of ICAM-1 on endothelial cells, promoting neutrophil adhesion and migration. Inhibition of platelet-neutrophil aggregation resulted in reduced neutrophil recruitment, increased animal survival time, and less hypoxia. Taken together, these results were suggestive of an important adjunctive role for platelets in the immune response in ARDS (108) . In a study of bronchoalveolar lavage fluid (BAL) fluid from patients with ARDS, platelet-derived CCL5-CXCL4 heteromers were correlated with BAL leukocyte counts. In a murine model, the same investigators found that platelet depletion in a murine model of lipopolysaccharide (LPS)-induced lung injury markedly reduced the degree of lung neutrophil infiltration, suggesting an important role for platelets in lung injury. The investigators then used antibodies targeted against CCL5 and CXCL4, which markedly reduced vascular permeability and neutrophil lung recruitment. The use of a peptide antagonist to specifically disrupt the CCL5-CXCL4 heteromers also markedly reduced lung edema, neutrophil infiltration, and tissue damage in the LPS-, acid-, and sepsis-induced lung injury models. Taken together, this suggests an important and causal role for platelet-derived chemokines in the development of lung injury (39) . In a rat model of ventilator-induced lung injury (VILI), high tidal volume ventilation was associated with increased levels of vWF, platelet glycoprotein 1b, and platelet P-selectin on endothelial cells (106) . Selective removal of platelets and administration of monoclonal antibodies directed against P-selectin reduced endothelial cell vWF expression. Homozygous, but not heterozygous, P-selectin knockout mice also had reduced endothelial cell vWF expression (106) . These data suggest that during lung-injurious mechanical ventilation platelets deliver leukocyte-binding proteins to endothelial cell surfaces promoting leukocyte recruitment and playing a key role in forming the proinflammatory milieu.
Human studies have also shown a link between platelets and lung injury. In a study of BAL in patients with ARDS compared with healthy controls, there were increased levels of platelet-derived ␣-granules and other platelet-derived proteins. Increased concentrations of these platelet-derived proteins were also associated with greater severity of ARDS (47) . In a small case series of patients with lung injury, patients with ARDS had greater evidence of platelet activation than healthy controls. Interestingly, while platelet activation was greater, homeostasis was impaired, suggesting that platelets could be potentially "diverted" from their regular role in homeostasis to a more immunomodulatory role (18) .
Several studies have highlighted possible genetic predispositions to ARDS. For example, genetic variants in genes involved in inflammation (interleukin-1 receptor antagonist) (71), coagulation (plasminogen activator inhibitor-1) (64), sphingosine 1-phosphate receptor-3 (46), and endothelial integrity (angiopoetin-2) (72) have all been implicated in ARDS risk. Recently, a single-center study identified the single-nucleotide polymorphism (SNP) rs7766874 within the LRRC16A gene that determined both platelet count and ARDS risk [odds ratio (OR): 0.68; 95% confidence interval (CI): 0.51-0.90] in a cohort of patients at risk of developing ARDS (101). LRRC16A encodes capping protein ARP2/3 and myosin-linker (CARMIL), a scaffold protein involved in actin-based cellular processes. The SNP rs7766874 is hypothesized to cause abnormal megakaryocyte maturation, altered platelet formation, and thus lower platelet counts. However, it is unclear precisely how the reduced platelet counts in patents with the LRRC16A SNP affect ARDS risk: whether it is a reflection of reduced platelet production, increased platelet activation/consumption, or platelet sequestration in lung tissues.
Another mechanism by which platelets are hypothesized to modulate the immune response is their role in the generation of microparticles (MP) (109) . MPs are small (50 nm to 1 m) circulating cell-derived vesicles that break off from intact cells and may contain a wide variety of enzymes and proteins, as well as mRNA (54, 69) . MPs are then phagocytosed by other cells, thus facilitating intercellular communication. This intracellular communication occurs either through the exchange of genetic material or through transfer of soluble cell signaling molecules (72, 101) . MPs can originate from any cell. However, the majority of MPs in humans originate from platelets and megakaryocytes (59) . In vivo studies suggest that plateletderived microparticles (PMPs) have a half-life of ϳ10 min and have distinct intracellular and cell surface characteristics separating them from MPs of other cellular origins (2). For example, PMPs have surface receptors for CD31, CD40L, CD41a, CD42a, CD42b, CD61, CD62P, CD63, CD107a, fibrinogen, and vWF, a cell surface profile that is distinct MPs from other inflammatory cells (54) . Proposed triggers for PMP formation include mechanical injury, shear injury to platelets, and inflammation. However, studies in humans are relatively limited, with the majority of data in vitro or in animal models.
Several putative roles for MPs in ARDS have been proposed. Firstly, MPs can promote the inflammatory response in lung injury through interactions with neutrophils and endothelial cells. In cultured human cells, PMPs can interact with neutrophils through activation of cell surface proteins (including mediators such as P-selectin) (8, 93) . Similarly, PMPs can promote cytokine and inflammatory mediator production in endothelial cells (30) . In response to LPS, MPs from LPSstimulated platelets induce VCAM-1 production in cultured human endothelial cells (56) . While the nature of the immune modulatory potential of PMPs remains incompletely characterized, in vitro studies have certainly indicated the potential for PMPs as a contributor to the pathogenesis of ARDS. However, data are limited and it is important to note little evidence has directly linked PMPs to lung injury in humans.
Another mechanism by which platelets interact with the immune system is through activation of neutrophil extracellular traps (NETs). NETs are a mechanism by which neutrophils facilitate antibacterial effects beyond phagocytosis. Activation of neutrophils release web-like structures of DNA and decondensed chromatin that have intrinsic proteolytic activity targeted against microbes (15) . NETs exist primarily in the bloodstream, targeting circulating pathogens (14) , but can also exist in tissues themselves (11, 12) . While important as part of the innate immune response, NET formation requires neutrophil cell death, and the inflammatory response that this cell death causes may lead to excess inflammation in certain clinical settings such as ARDS and severe sepsis. For example, in a mouse model of influenza-induced ARDS, large amounts of NETs were found in areas of lung injury. Inhibition of neutrophil activity through anti-myeloperoxidase and anti-superoxide dismutase antibodies reduced NET formation and reduced lung injury. However, no treatments specifically block NET formation, and consequently, it is difficult to disentangle the role of NETs from the wider role of neutrophils in the pathogenesis of these syndromes (75) .
Platelets are one of the mechanisms by which NETs can be activated, and this has been investigated in several clinical contexts (65) . In a study of patients with severe sepsis and bacterial blood stream infection, platelet-bound TLR4 detected TLR4 ligands in blood, activating neutrophils and facilitating the formation of NETs in the bloodstream, primarily in liver sinusoids and pulmonary capillaries (25) . Interestingly, LPS in high concentrations in the absence of platelets is not able to generate NET formation, suggesting that platelets are not just facilitators in this process but in fact an essential mediator. This study also noted substantial tissue injury at the site of NET formation as a byproduct of bacterial entrapment. Data also implicate NET formation in lung injury. In a mouse model of transfusion-associated lung injury, platelet inhibition through either aspirin or a glycoprotein IIb/IIIa inhibitor reduced the degree of lung injury and reduced the formation of NETs (19) . Consequently, platelet inhibition could plausibly reduce tissue injury in ARDS through reduced production of NETs.
Platelets and the resolution of lung injury. While the initial inflammatory response is important in host defense, dysregulated or unrestrained inflammation can be deleterious and an important contributor to clinical syndromes such as ARDS (56) . Mediators that promote the resolution of lung injury are being increasingly identified. Given the paucity of effective preventative or therapeutic strategies for ARDS, promoting either the concentration or activity of specific resolution-phase molecules could be a potentially fruitful avenue of research.
Several physiologic processes occur during the resolution of acute inflammation in the lung (56, 83, 86) . Neutrophils and other acute phase inflammatory cells undergo apoptosis and are cleared by macrophages in a noninflammatory manner. As the numbers of neutrophils reduce, further neutrophil recruitment and migration declines. Cells that promote organized tissue healing, particularly macrophages and lymphocytes, increase. Endothelial and epithelial cells also start to regenerate, with the eventual goal of reforming barrier integrity at the alveolar/ capillary junction. Capillaries and tissue lymphatics resorb excess lung water. The processes underlying lung resolution have been more extensively reviewed elsewhere (56) .
In recent years, there has been increasing recognition that many of these resolution pathways are mediated by a novel family of lipid mediators known as specialized proresolving mediators (SPMs) (56) . SPMs derive from essential omega-3 fatty acids, in particular eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). SPMs are divided into several families of molecules: the resolvins, protectins, lipoxins, and maresins. While the function of SPMs remains incompletely characterized, these mediators are thought to primarily promote the cessation of acute inflammatory and stimulate proresolution processes.
Platelets are believed to play an important role in the production and regulation of several of these proresolving mediators. An example of such interactions is highlighted with the lipoxin family of SPMs. Lipoxins are immunomodulatory, anti-inflammatory bioactive mediators derived enzymatically from arachidonic acid. Lipoxins are found in low levels during acute inflammation and increase in concentration during the resolution of inflammation (44) . Lipoxins are produced by platelet 12-lipoxygenase from LTA 4 , a precursor protein derived in neutrophils. Two lipoxins have been described, LXA 4 and LXB 4 (91) . Lipoxins activate transmembrane receptors such as LTA4R and go on to inhibit a range of proinflammatory processes such as chemotaxis, reactive oxygen species generation, and neutrophil proliferation (21) . During the resolution of inflammation, lipoxins promote macrophage phagocytosis of apoptotic inflammatory cells (73) .
Interestingly, aspirin can trigger lipoxins. Aspirin irreversibly acetylates cyclooxygenase, blocking prostaglandin production among other actions. However, one additional action of acetylated COX-2 is to convert arachidonic acid into a precursor for neutrophils to produce 15(R)-epi-LXA 4 and 15(R)-epi-LXB 4 . These are ultimately transformed by platelets into metabolically active lipoxins (24) . These lipoxins are different structurally from endogenously produced lipoxins, and aspirin is the only nonsteroidal anti-inflammatory capable of triggering lipoxin formation. In humans, aspirin ingestion has been shown to increase aspirin-triggered lipoxin concen- trations (22, 74) . In addition to lipoxins, aspirin has also been shown to increase concentrations of resolvins (79) through acetylation of endothelial cell cyclooxygenase-2. The unique ability of aspirin to promote proresolution mediatiors is part of the reason for the active interest in aspirin as a possible preventative therapy for ARDS. Resolvins, and other SPMs, are more fully reviewed elsewhere (90, 92) . Beyond using aspirin to promote the development of aspirintriggered lipoxins, synthetic lipoxins have also been developed. Again, the primary goal of these synthetic mediators is to potentially promote the cessation of acute inflammation and resolution of inflammation in clinical settings such as ARDS or septic shock, where the inflammatory response may be excessive or dysregulated (67) . However, at present, little data exist about the role of exogenous synthetic lipoxins in human studies or animal studies of ARDS.
Antiplatelet Therapies in the Prevention of Lung Injury
Several studies have linked antiplatelet therapies with antiinflammatory properties, particularly in atherosclerosis. For example, in a study of primary prevention of cardiac disease in patients with elevated high-sensitivity C-reactive protein (hs-CRP), aspirin therapy was associated with a reduced risk of myocardial infarction and reduced hs-CRP (85) . However, other studies of aspirin in patients with elevated hs-CRP have shown no clear anti-inflammatory properties of aspirin, and equipoise remains (96) .
Given the evidence supporting the role of platelets in lung injury, several studies have specifically investigated plausible roles for anti-platelet agents in the prevention or treatment of ARDS. As discussed earlier, in a mouse model of acid-induced lung injury, platelet depletion resulted in reduced neutrophil recruitment, increased animal survival time, and less hypoxia (108) . In a mouse model of transfusion-associated acute lung injury (TRALI), both platelet depletion and aspirin administration reduced plasma thromboxane B2 production, lowered extravascular lung water values, and improved survival (62) .
Human studies have also suggested a possible role for antiplatelet therapies in ARDS (Table 2) . In a retrospective single-center study of prehospitalization antiplatelet therapy in a cohort of patients with at least one risk factor for developing ARDS, patients receiving an antiplatelet agent (most commonly aspirin) had a substantially reduced incidence of ARDS (OR: 0.37; 95% CI: 0.16 to 0.84) (34). These findings were replicated in a secondary analysis of a large single-center prospective study that evaluated 1,149 patients with ARDS. Those with prehospital aspirin use were again found to have a reduced incidence of ARDS (OR: 0.66; 95% CI: 0.46 -0.94) (20) . The findings from these studies were tested in a larger, more heterogeneous, multicenter cohort evaluating prehospital aspirin and risk of ARDS. In this larger study, prehospital aspirin did not significantly mitigate ARDS risk, but a trend to reduced incidence was seen (OR: 0.70; 95% CI: 0.48 -1.03; P ϭ 0.07) (52) . In addition to ARDS prevention, studies have also evaluated outcomes in patients with ARDS receiving antiplatelet therapies. In a prospective observational study of 202 adult patients with ARDS, prehospital aspirin therapy was associated with a substantial reduction in overall intensive care unit mortality (OR: 0.38; 95% CI: 0.15-0.96) (13). While these studies do suggest possible protective effects of aspirin in ARDS, other studies have shown no significant association between prehospital aspirin use and the development of ARDS (78) nor any beneficial effect of aspirin in reducing the incidence of ARDS after elective surgery (66) . Given the ongoing uncertainty about the potential utility of antiplatelet therapies in ARDS, a multicenter randomized control trial of aspirin for the prevention of ALI (LIPS-A) is currently underway (ClincalTrials.gov ID: NCT01504867) (54) .
Conclusion
While platelets are primarily considered mediators of homeostasis, our review has outlined emerging evidence linking platelets to roles beyond thrombosis, particularly in the context of immune modulation and ARDS. However, our understanding of these additional platelet functions, and how best to modulate them in patients with or at risk for ARDS, remains incompletely characterized. Given the paucity of therapeutic and preventative options in ARDS, further delineating the role of platelets in ARDS and particularly the efficacy of antiplatelet therapy is of profound importance and a crucial avenue for ongoing research. 
